CoA regulates energy metabolism and exists in separate pools in the cytosol, peroxisomes, and mitochondria. At the whole tissue level, the concentration of CoA changes with the nutritional state by balancing synthesis and degradation; however, it is currently unclear how individual subcellular CoA pools are regulated. Liver and kidney peroxisomes contain Nudt7 and Nudt19, respectively, enzymes that catalyze CoA degradation. We report that Nudt8 is a novel CoA-degrading enzyme that resides in the mitochondria. Nudt8 has a distinctive preference for manganese ions and exhibits a broader tissue distribution than Nudt7 and Nudt19. The existence of CoA-degrading enzymes in both peroxisomes and mitochondria suggests that degradation may be a key regulatory mechanism for modulating the intracellular CoA pools.
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CoA is an indispensable cofactor that activates acyl groups for a multitude of metabolic reactions and the widespread post-translational acylation of histones and other proteins [1] [2] [3] [4] [5] . Unacylated CoA (free CoA) has also been found to directly react with cysteine residues of target proteins under conditions of metabolic stress, resulting in protein 'CoAlation' [6] . CoA-dependent metabolism and post-translational modifications occur in multiple subcellular compartments, including the nucleus and the endoplasmic reticulum, but the cytosol, peroxisomes, and mitochondria contain the major pools of this cofactor [5, [7] [8] [9] . The mitochondria are estimated to contain the highest concentration of CoA [7, 8, 10] , which is required to activate gluconeogenesis and for pathways such as ketogenesis, fatty acid oxidation, and the TCA cycle.
At the whole tissue level, the concentration of CoA changes with the metabolic state by coordinating synthesis and degradation. In the liver, activation of the biosynthetic pathway drives the increase in CoA that occurs in the transition between the fed and fasted state [11, 12] . Conversely, the net decrease in the concentration of hepatic CoA observed upon refeeding after a fast requires both inhibition of de novo CoA synthesis and degradation of the cofactor accumulated in the fasted state. At the subcellular level, such metabolic adaptations require modulation of the size and composition of the individual CoA pools [7, 8] . To date, however, our knowledge of the mechanisms regulating these subcellular CoA pools is limited.
In the peroxisomes of liver and kidneys, CoA is hydrolyzed to 3 0 ,5 0 -ADP and (acyl-)phosphopantetheine by two Nudix hydrolases, Nudt7 and Nudt19, respectively [13] [14] [15] [16] . Unlike intact CoA, these smaller degradation products can exit the peroxisomes [17] ; thus, the activity of Nudt7 and Nudt19 likely plays an important role in the regulation of the peroxisomal CoA pool and, in turn, CoA-dependent peroxisomal metabolism [12, 17, 18] . Consistent with such a role, the expression of Nudt7 and the activity of Nudt19 are higher in the fed state compared to the fasted state Abbreviations GAPDH, glyceraldehyde-3-phosphate dehydrogenase; mBB, monobromobimane; PMP70, ATP-binding cassette, subfamily D, member 3. and inversely correlate with tissue CoA levels in the liver and kidneys, respectively [13, 16, 19] .
Nudix hydrolases hydrolyze phosphodiester bonds in a variety of substrates including nucleoside di-and triphosphates, dinucleoside polyphosphates, nucleotide sugars, and cofactors like CoA and NAD(P)H [20, 21] . All Nudix hydrolases are characterized by the presence of the Nudix box motif, G[5X]E[7X]REXXEEXGU (where U is a hydrophobic residue and X is any residue), which coordinates a catalytically essential divalent cation [22, 23] . Nudix hydrolases that specifically hydrolyze CoA contain another conserved motif,
FPGG (PRO-SITE accession number PS01293), called the CoA box, which contains residues important for CoA binding and catalysis [13, 24] . In addition to mammals, peroxisomal Nudix hydrolases specific for CoA are present in yeast and nematodes [24, 25] . Plants contain cytosolic and mitochondrial isoforms [26] ; however, no mammalian counterparts have been identified so far.
Nudt8 is an uncharacterized Nudix hydrolase that has been annotated as a mitochondrial enzyme and is closely related to Nudt7 [21, 27] . In this study, we show that Nudt8 specifically hydrolyzes CoA, is indeed a mitochondrial enzyme, and is broadly expressed in mitochondria-rich organs such as the heart, kidneys, liver, and brown adipose tissue (BAT). The characterization of the first mitochondrial CoA-degrading enzyme in mammals provides a potential mechanism for the dynamic regulation of the mitochondrial CoA pool.
Materials and methods

Materials
Reagents were purchased from the following suppliers: oligonucleotides, Lipofectamine 2000, cell culture reagents, Alexa Fluor 647-and HRP-conjugated goat anti-rabbit IgG, and MitoTracker Orange CMTMRos from Thermo Fisher Scientific (Waltham, MA, USA); restriction enzymes from New England Biolabs (Ipswich, MA, USA); HEK293 and HEK293T cells from the American Type Culture Collection (Manassas, VA, USA); Swift membrane stain from G-biosciences (St. Louis, MO, USA). Antibodies against glyceraldehyde-3-phosphate dehydrogenase (GAPDH), citrate synthase, and catalase were purchased from Cell Signaling Technology (Danvers, MA, USA). The Nudt7 antibody was generated as previously described [19] . 3 0 ,5 0 -ADP and antibodies against ATP-binding cassette, subfamily D, member 3 (PMP70) and the FLAG epitope were obtained from Sigma-Aldrich (St. Louis, MO, USA); the Dylight 488 mouse IgG was purchased from Rockland Immunochemicals (Limerick, PA, USA). The antibody against the full-length mouse Nudt8 was raised in rabbit and purified by antigen affinity chromatography. The fluorescent CoA derivative of monobromobimane (mBB), mBB-CoA, was synthesized as previously described [13] . All other reagents were of analytical grade or better and were purchased from Sigma-Aldrich or Fisher Scientific, unless otherwise stated.
Nudt8 purification and enzymatic assays
Mouse Nudt8 (accession NP_079805.1) was expressed as a C-terminal hexahistidine-tagged protein from the pET21derived plasmid pKM202, a kind gift of Suzanne Jackowski at St. Jude Children's Research Hospital. Nudt8 was expressed in Escherichia coli BL21 Codon Plus (DE3)-RIPL cultured in autoinducing medium for 24 h at room temperature [28] . The enzyme was purified by Ni-NTA chromatography, followed by dialysis in 20 mM Tris-HCl, pH 8.5, 1 mM EDTA, 1 mM DTT at 4°C overnight. The combined dialyzed fractions were applied onto a POROS 50 HQ column (Thermo Fisher Scientific). Nudt8 was eluted in two peaks at 160 and 305 mM NaCl in 40 mM diethanolamine hydrochloride, pH 9.0. Only the peak eluted at 160 mM NaCl contained enzymatic activity. Active fractions containing > 80% pure Nudt8 were combined and concentrated to > 1 mgÁmL À1 . Glycerol was added to a final concentration of 50% before storing the protein at À20°C. For the analysis of Nudt8 by analytical gel filtration, purified recombinant Nudt8 (50 lL) was loaded onto a Superdex 75 10/300 GL column and eluted at 0.3 mLÁmin À1 with 50 mM Tris-HCl, 150 mm NaCl, 1 mM DTT, 1 mM EDTA, pH 8.5. Protein elution was monitored by measuring the absorbance at 280 nm. The activity of Nudt8 was assayed as previously described [13] . The optimized standard assay mixture contained 50 ng of enzyme, 100 mM Tris-HCl pH 8.5, 0.1 mgÁmL À1 c-globulin, 250 lM of free CoA or acyl-CoA substrates, and 2 mM MnCl 2 , in a total volume of 40 lL. Kinetic parameters were determined by varying the substrate concentration from 0.125 to 4 mM. Data points, individually corrected for the background in reaction mixtures lacking the enzyme, were fitted to a 'Specific Binding with Hill slope' and 'kcat' models using GRAPHPAD PRISM 6 (GraphPad Software, San Diego, CA, USA) to determine the kinetic parameters.
Animal studies
Eight-week-old C57BL/6J male mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA) and and allowed to acclimate for at least 7 days. The mice were fed a standard chow diet (Tekland 2018S) and maintained at a room temperature of 22.2 AE 0.2°C, room humidity of 40% AE 2%, and a 12-h light, 12-h dark cycle, with the dark cycle starting at 6:00 pm. For fasting experiments, the mice were placed on cages with grids for 24 h without food. All studies were approved by the Institutional Animal Care and Use Committees of West Virginia University.
Subcellular fractionation
All centrifugation steps were conducted at 4°C. To obtain mitochondria-free peroxisomal fractions, we pooled the livers from two mice and adapted the procedure described by Antonenkov et al. [29] . Briefly, the combined livers were weighed, minced, and homogenized in four volumes of peroxisomal homogenization medium (0.16 M sucrose, 12% PEG1500, 10 mM MOPS pH 7.4, 1 mM EDTA, 1 mM EGTA, 0.1% ethanol, 0.1 mM PMSF, 2 mM DTT) using 5-6 strokes of a motor-driven Teflon pestle at a speed of 550 r.p.m. The homogenate was centrifuged at 1500 g for 12 min, and the supernatant was applied onto a 50% Percoll cushion (10 mL). After centrifuging at 23 500 g for 1 h, the peroxisomal fraction was removed from the bottom of the cushion, diluted with 1 mL of homogenization medium, and applied onto a 20-50% Optiprep density gradient. The gradient was centrifuged at 68 000 g in a 70.1 Ti fixed angle rotor for 1 h. Fractions (1 mL) were removed starting from the bottom of the Optiprep gradient and stored at À80°C until analyzed.
Immunoblotting, RT-PCR, and immunofluorescence
For western blot analysis, subcellular fractions and tissue homogenates were fractionated by SDS/PAGE on 4-12% Bis-Tris gels and transferred onto PVDF membranes. Flash frozen tissues were homogenized in ice-cold radioimmunoprecipitation assay buffer containing protease inhibitors and centrifuged at 10 000 g for 10 min at 4°C. To normalize antibody signals to total protein loaded, membranes were stained with Swift membrane stain as per manufacturer's instructions. Antibodies were used at the following dilutions: Nudt8, Nudt7, and GAPDH antibodies at 1 : 3000; citrate synthase, catalase, and FLAG antibodies at 1 : 1000. Primary antibodies were detected by chemiluminescence with HRP-conjugated goat anti-rabbit or goat anti-mouse IgG at 1 : 45 000 dilution. Western blot bands were quantified using Genetools (Syngene, Frederick, MD, USA) or IMAGEJ analysis software (https://imagej.nih.gov/ ij/download.html).
RNA was isolated from flash frozen tissue as previously described [13, 30] . Nudt8 mRNA levels were quantified in triplicate by RT-PCR using the Quantitect SYBR Green RT-PCR kit (Qiagen, Germantown, MD, USA) and the primers 5 0 -CAGTTTCCCAGGCGGTAAGT-3 0 and 5 0 -CACGTTG-GCAAGTACTGGGA-3 0 as the forward and reverse primers, respectively. Primers for Nudt7 and Nudt19 have been published [30] . For each tissue, the relative abundance of Nudt7, Nudt8, and Nudt19 mRNA was calculated by the C T method using the averaged C T values for two calibrators, ribosomal protein L22 (Rpl22) and b2-microglobulin (B2m). Primers 5 0 -GTGCCTTTCTCCAAAAGGTATTT-3 0 and 5 0 -CTCTCTTTGCTGTTGGCGAC-3 0 were used as forward and reverse primers, respectively, for Rpl22. Primers 5 0 -ACT-GACCGGCCTGTATGCTA-3 0 and 5 0 -ATGTTCGGCTTC-CCATTCTCC-3 0 were used as forward and reverse primers, respectively, for B2m.
To express Nudt8 in mammalian cells, Nudt8 was amplified from pKM202 using primers introducing an EcoRI restriction site and a Kozak sequence at the 5 0 end and a FLAG tag and an XhoI restriction site at the 3 0 end. The amplified product was subcloned into pcDNA3.1(+) (Thermo Fisher Scientific) between EcoRI and XhoI sites. HEK293 and HEK293T cells were cultured and transfected as previously described [13] . The localization of mouse Nudt8 in HEK293 cells was determined by confocal microscopy, as previously reported [13] . The FLAG antibody was used at a 1 : 1000 dilution and incubated overnight. Dylight 488 goat anti-mouse IgG was used at a 1 : 5000 dilution.
Statistical analysis
Unless otherwise stated, all data are reported as the mean AE standard error. Statistical significance was calculated by unpaired two-tailed Student's t-test using GRAPH-PAD PRISM 6 (GraphPad Software).
Results
Nudt8 specifically hydrolyzes CoA species and has a distinctive preference for manganese ions Mouse Nudt8 shares a 38% sequence identity with the CoA-degrading enzyme Nudt7 (Fig. 1A ). Both proteins contain the CoA and Nudix boxes and the sequence identity in these regions increases to 60%. To test the possibility that Nudt8 could hydrolyze CoA species, we expressed and purified the mouse enzyme as a 24 kDa protein with a C-terminal hexahistidine tag ( Fig. 1B ). Compared to recombinant Nudt7, Nudt8 was purified in significantly lower amounts. Indeed, one liter of autoinduced culture typically yielded about 15 mg of Nudt8 compared to the 70-100 mg of Nudt7 obtained per liter of standard E. coli culture [13] . Interestingly, we also attempted to express human NUDT8; however, similar to a report by Carreras-Puigvert et al., we could not detect any expression [21] . Analytical gel filtration analysis of recombinant mouse Nudt8 indicated that similar to Nudt7 [13] , about 70% of the protein eluted as a monomer (Fig. 1C) .
We next tested the hydrolytic activity of Nudt8 in the presence of 4 mM MgCl 2 and a broad range of Nudix hydrolase substrates including ATP, ADP, NAD + , NADH, NADP + , NADPH, diadenosine triphosphate, ADP-ribose, and free CoA. Product formation was detected only with free CoA as a substrate and co-elution of this product with a 3 0 ,5 0 -ADP standard confirmed that Nudt8 was a CoA diphosphohydrolase ( Fig. 1D ). Under the assay conditions used for Nudt7 [13] , the specific activity of Nudt8 was about 100-fold lower (Fig. 2B ), suggesting that one or more components of the reaction mixture needed to be optimized for Nudt8. Raising the buffer pH from 8.0 to 8.5 modestly increased Nudt8 activity; however, substituting Mg 2+ with Mn 2+ as the catalytically essential divalent cation in the reaction mixture, increased free CoA hydrolysis from about 2% to over 90% ( Fig. 2A) . The optimal concentration of MnCl 2 was found to be 2 mM (data not shown). Under these optimized conditions, the specific activity of Nudt8 against free CoA was comparable to that of Nudt7 with either MgCl 2 or MnCl 2 (Fig. 2B ). Importantly, we rescreened the diphosphate-containing molecules above as potential Nudt8 substrates in the presence of 2 mM MnCl 2 and confirmed that the activity of the enzyme remained specific for free CoA (data not shown).
Having established that Nudt8 was a CoA diphosphohydrolase, we measured its activity against various short-and medium-chain acyl-CoAs. We could not test long-chain acyl-CoAs, such as lauroyl-and stearoyl-CoA, as these compounds precipitated even at the lowest concentration of MnCl 2 required to detect Nudt8 activity. Nudt8 hydrolyzed all CoA species tested, exhibiting the highest activity toward free CoA, hexanoyl-CoA, and octanoyl-CoA and the lowest activity against acetyl-CoA (Fig. 2C ). Nudt8 also readily hydrolyzed the synthetic CoA derivative mBB-CoA. Analysis of Nudt8 kinetics toward representative acyl-CoAs revealed K M s ranging from 150 lM for free CoA to 707 lM for acetyl-CoA ( Table 1) . The values were generally in the same range of K M s reported for Nudt7 and Nudt19 [14] [15] [16] . Taking both the k cat and the K M into consideration, the specificity constants calculated for the substrates confirmed that free CoA and acetyl-CoA were the best and worst substrates for Nudt8, respectively (Table 1) .
Combined, these data indicated that Nudt8 is a novel CoA diphosphohydrolase with broad acyl-CoA substrate specificity and a distinctive preference for Mn 2+ , a feature not observed in the other known mammalian isoforms, Nudt7 and Nudt19 [14, 15] .
Nudt8 exhibits a broad tissue distribution and its expression does not change with the nutritional state
Nudt7 and Nudt19 exhibit a very narrow tissue distribution, predominating in the liver and kidneys, respectively [13, 15, 16] . To determine the tissue distribution and relative transcript abundance of Nudt8 with respect to Nudt7 and Nudt19, we measured the mRNA levels of all three enzymes in different organs. We found that Nudt8 was the major isoform in the heart, brain, and skeletal muscle. Furthermore, Nudt8 mRNA in the kidneys was as abundant as Nudt19 mRNA (Fig. 3A) . We next generated a polyclonal antibody to measure Nudt8 protein expression in each tissue. To determine the isoform specificity of the Nudt8 antibody, we analyzed lysates from HEK293T cells transfected with constructs encoding FLAGtagged versions of Nudt8, Nudt7, and Nudt19 or the empty vector. While the FLAG antibody detected all three enzymes (Fig. 3C) , the Nudt8 antibody recognized only Nudt8 (Fig. 3B) , indicating isoform specificity. Western blot analysis of different tissues showed that Nudt8 was expressed at the highest levels in the kidneys, heart, BAT, and liver (Fig. 3E) . Detectable, but significantly lower levels of the enzyme were also found in the brain, skeletal muscle, and white adipose tissue (WAT). Combined, these data indicated that Nudt8 had a much broader tissue distribution than Nudt7 and Nudt19.
Nudt7 is regulated by the nutritional state and its mRNA and protein levels in the liver decrease with fasting [16, 19] . Conversely, the expression of Nudt19 in the kidneys remains constant between the fed and fasted states, despite the contribution of Nudt19 to the regulation of the concentration of CoA in the fed state [13] . We quantified Nudt8 mRNA and protein levels in the liver, kidneys, and heart of mice fed ad libitum or fasted for 24 h. Similar to Nudt19, but unlike the closely related Nudt7, Nudt8 expression did not change with the nutritional state in any of the tissue analyzed ( Fig. 4 ), suggesting that regulation might occur through a different mechanism.
Mitochondrial localization of Nudt8
Many eukaryotic CoA diphosphohydrolases, including Nudt7 and Nudt19, localize to the peroxisomes. Nudt8 does not contain a peroxisomal targeting signal; instead, its N terminus contains a putative mitochondrial targeting sequence within the first 24 residues, as predicted by both TargetP [31] and MitoFates [32] . Furthermore, Nudt8 is annotated as a mitochondrial protein in the Mitocarta 2.0 database, an inventory of mouse and human proteins whose mitochondrial localization is supported by a combination of computational and proteomics data [27] . To verify the subcellular localization of Nudt8 in intact cells, HEK293 cells were transiently transfected with a construct expressing Nudt8 with a C-terminal FLAG tag. Using the FLAG tag antibody, we found that Nudt8 co-localized with the mitochondrial marker Mito-Tracker Orange CMTMRos, but not with the peroxisomal marker PMP70 (Fig. 5A-F) . To corroborate this conclusion in mouse tissue, we fractionated liver homogenates with a protocol that achieved some degree of separation between peroxisomes and mitochondria ( Fig. 5G-H) . While endogenous Nudt8 was found in mitochondria-enriched fractions ( Fig. 5G-H , fractions F5-F6), exhibiting the same fractionation profile as the mitochondrial marker citrate synthase, this enzyme was not detected in fractions containing purified peroxisomes ( Fig. 5G-H , fractions F3-F4), as marked by both catalase and Nudt7. Combined, these results supported the conclusion that Nudt8 localized exclusively to the mitochondria.
Discussion
Until now, only liver and kidney peroxisomes were known to contain enzymes capable of degrading CoA [14, 15] . The major finding of this work is that Nudt8 is a novel CoA diphosphohydrolase that localizes to the mitochondria and has a broad tissue distribution. Thus, our data strongly suggest that regulation of CoA levels by degradation occurs in more organs than previously thought and in both peroxisomes and mitochondria.
Recombinant mouse Nudt8 readily hydrolyzed free CoA and a variety of short-chain acyl-CoAs but exhibited a relatively low activity against acetyl-CoA ( Fig. 2C and Table 1 ). Additionally, this enzyme showed a distinctive preference for Mn 2+ ions that sets it apart from the peroxisomal isoforms Nudt7 and Nudt19, which can use Mg 2+ or Mn 2+ (Fig. 2B ) [14, 15] . Given some of the properties of Mn 2+ , this strong metal preference could potentially play a role in the substrate specificity of Nudt8 and, in particular, in the low binding affinity that the enzyme showed toward acetyl-CoA compared to the closely related Nudt7 [16] . Mn 2+ -ligand bonds are more flexible than the equivalent Mg 2+ -ligand bonds both in length and angle. Furthermore, Mn 2+ binds nitrogen-containing ligands (e.g., histidines) more frequently than Mg 2+ and can form bidentate complexes with aspartate and glutamate residues [33, 34] . In the case of Nudix hydrolases, the latter property may be particularly relevant given that the Nudix box motif G[5X]E[7X] REXXEEXGU contains three invariant glutamates (underlined) that play a key role in the coordination of the catalytically essential metal ion. While this motif is highly conserved between Nudt7 and Nudt8 (Fig. 1A) Nudt19 and any detectable levels of Nudt7, the concentration of CoA could still be significantly decreased in the kidneys of Nudt19 À/À mice during the transition from the fasted to the fed state [13] .
Nudt8 was highly expressed in all the mitochondriarich organs analyzed except the skeletal muscle (Fig. 3A) . This is not unusual as, even among organs with similar mitochondrial densities, the concentration of mitochondrial proteins can vary substantially depending on the different functional emphasis of the mitochondria within each organ [39, 40] . Interestingly, the lower Nudt8 protein levels correlated with the lower concentration of CoA in skeletal muscle compared to the liver, heart, kidneys, and BAT [41] , suggesting that Nudt8 expression in this tissue may be proportionally adjusted to the concentration of the cofactor to avoid depleting it. At the subcellular level, mitochondria contain the highest concentration of cellular CoA [7, 8] and are the site of several CoA-dependent metabolic processes, including glucose and fatty acid oxidation. CoA is present in both the mitochondrial matrix and the intermembrane space. While the localization of Nudt8 places it in a position to modulate mitochondrial metabolism, the precise physiological role of this enzyme will depend on the submitochondrial CoA pool that it can actually access. Using independent spatially restricted enzyme tagging-based approaches, two studies have recently identified human NUDT8 as a resident of the inner membrane/matrix in HEK293T cells [42, 43] , which suggests that Nudt8 may regulate the matrix CoA pool. Such localization would also potentially place Nudt8 in the same compartment as CoA synthase (Coasy), the last enzyme in the CoA biosynthetic pathway [44] [45] [46] . Coasy catalyzes the formation of dephospho-CoA from ATP and phosphopantetheine and the final phosphorylation of dephospho-CoA to CoA. Coasy has been localized to both the outer mitochondrial membrane [46] and the inner membrane/matrix [42] . In the absence of regulatory mechanisms, the latter subcellular localization would allow Coasy to resynthesize CoA from the phosphopantetheine produced by Nudt8, generating wasteful cycles of CoA synthesis and degradation. Our data indicate that in the kidneys, heart, and liver, organs with high expression of Nudt8 and detectable CoA-degrading activity [13, 47, 48] , Nudt8 levels did not change with the nutritional state. Additional studies will be required to determine whether other potential regulatory mechanisms, including post-translational modifications or regulation by metabolites in the mitochondria, may control the activity of Nudt8 and whether Coasy and Nudt8 actually localize to the same submitochondrial compartment.
In conclusion, the identification and characterization of Nudt8 as a mitochondrial CoA-degrading enzyme indicates that CoA degradation is not limited to the peroxisomes and may provide a common mechanism to regulate the subcellular pools of CoA in response to changes in the metabolic state.
